Abstract-This paper presents work on the hysteresis band control for output current regulation in a direct matrix converter in order to drive an induction motor. The hysteresis band controller offers excellent dynamic performance. It has been extensively researched for the voltage source inverter and inverter based drive systems, but it has not been investigated within the context of a matrix converter or a matrix converter based motor drive. Firstly, this paper proposes a fixed-band hysteresis current controller for a matrix converter to track the prescribed current references, and then a sinusoidal-band hysteresis current controller is proposed. Both methods have fast dynamic performance and they inherently integrate the line modulation technique of the virtual rectifier stage into the overall modulation. The extra modulation stage is not required and the surge current is inherently prevented. The sinusoidal-band hysteresis controller demonstrates that it generates lower harmonic content at the expense of the higher average switching frequency. Following this, both methods are tested as a drive for an induction motor with field-oriented control. With the matrixconverter-based drive system, one significant benefit is that the braking chopper is removed due to the bidirectional feature. The methods are simple and have light computation burden. The obtained results demonstrate the effectiveness and feasibility of the proposed scheme. The experimental work is being carried out to support the proposed scheme.
INTRODUCTION
Field-oriented control (FOC) is the most commonly employed linear strategy for medium-and low-power motor drives [1] . Today, FOC-based electrical drive systems are mature and used extensively in high-performance drives [2] . Current controllers are vital components in the FOC method. Electric drive systems composed of an induction motor (IM) and a voltage source inverter (VSI) are popular in adjustable speed drives in industry [3] . For the VSI based drive system, current controllers are preferred for the high-performance drives because of their excellent dynamic behavior. Among these current controllers, the hysteresis band (HB) current controller features inherent current limiting capability, robustness, no modulation stage, and simple implementation, in addition to excellent dynamic performance. The HB control has been constrained to the VSI and active research on this includes constant switching frequency control [4] , online computation of bands [5] , and multi-band hysteresis control [6] . For a high inertia system that requires dynamic braking, the VSI based drive system usually requires a rectifier stage to supply the DC voltage and the braking chopper to absorb the kinetic energy generated from the motor deceleration. These will make the system bulkier, decrease the efficiency and increase the complexity.
These problems can be addressed with the matrix converter based drive system and the HB control technique discussed above. A 3×3 direct matrix converter (MC), as shown in Fig. 1 , is a flexible power converter which is capable of bidirectional power flow, sinusoidal waveform, regenerative ability, controllable input power factor and compact volume [7] . In addition to motor drive applications, matrix converter and its derivatives have been proposed for numerous applications including aerospace systems [8] , microgrids [9] , FACTS [10] and electric vehicles [11] . A 3×3 direct matrix converter provides direct AC to AC power conversion with bidirectional power flow capability; therefore, the rectifier stage and the braking chopper are not required (shown in Fig.2 ) in the MC based drive system and this also enables four-quadrant operation. Direct torque control (DTC) and predictive torque control (PTC) have been researched for the MC based drive system [12] - [16] . In terms of the matrix converter, the computing burden of the predictive control is heavy because of the high number of switch actions (27 possibilities) and the limited speed of the microprocessor.
Therefore, predictive control might not be very practical for a MC-based drive system. The HB controller is simple and the computing burden (execution time) is light. However, HB and HB-based FOC have not been examined for a 3×3 MC or MC-based drive systems.
This work proposes and studies the HB current controller and HB based FOC for an IM drive. The controller does not require an extra modulation stage but inherently includes the modulation of the virtual rectifier stage. Both the fixed-band (F-HB) and sinusoidal-band (S-HB) HB current controllers are developed and compared for the MC. Both methods demonstrate good dynamic features. Comparative results show that the S-HB controller has less low-order harmonics and THD at the cost of the higher average switching frequency. Next, the HB current controllers are integrated with the FOC to drive an IM with an MC. S-HB shows lower stator and torque ripple. The braking chopper is not required in this structure. These are the objectives and contributions of this paper.
II. HB CONTROLLER FOR THE MC OUTPUT CURRENT

A. Fixed-band hysteresis control (F-HB) for MC
The HB current controller for the VSI is shown in Fig. 3 
where h is the HB width and vao is the applied voltage across the output a and the neutral point of the DC link. Iref is the amplitude of the reference current and Vdc is the VSI DC link voltage. The control law (2) is straightforward. When the actual current exceeds the upper band, the upper/lower leg is turned off/on to reduce the current and vice versa. Therefore, the actual currents will always be regulated to stay within the prescribed boundaries in theory. Similarly the HB current controllers for an MC can be developed.
In the case of the MC, the upper and lower bands (1) for the F-HB are shown in Fig. 5 (a) for a single phase. The controller law is similar to the VSI. In Fig. 4 a single phase current control is depicted and the maximum or minimum voltages are selected to increase or decrease the currents as given by: It is worth noting that the MC offers more flexibility compared with VSI as it offers more voltage choices including zero states. The zero states can also be utilized to reduce the switching frequency thus switching losses. For instance, if ia > 0, ib < 0 and ic < 0, when a zero sate is applied, ia will decrease while ib and ic will be increased. This can facilitate the reduction of switch actions if the decrease of ia and increase of ib and ic are required. Therefore, the balance among threephase currents can be made use of to regulate the currents and to reduce switching actions. 
B. Sinusoidal-band hysteresis control (S-HB) for MC
The sinusoidal bands are shown in 
For iref < 0, if ia < iupper, va = maximum (vA,vB,vC);
where iref is the reference current. If the reference current is in the positive half cycle and when the actual current exceeds the upper band, the voltage which enables current reduction is selected; when the actual current reaches the lower band, the voltage which drives current increase is selected; see (5) . Alternatively, if the reference current is in the negative half cycle and when the actual current exceeds the upper band, the maximum voltage which is able to increase the current is employed; when the actual current reaches the lower band, the minimum voltage which can decrease the current is employed; see (6) . Therefore, the actual currents can be theoretically controlled to be within the predefined regions.
III. OVERALL MODULATION OF MATRIX CONVERTER
The above methods inherently integrate the linecommutated modulation of the MC input currents. To explain this, the MC modulation is divided into a virtual rectifier and a virtual inverter stage as shown in Fig. 6 . These two virtual stages can be modulated independently using different methods. The output current modulation is based on the virtual inverter stage as VSI HB control, while the input current modulation is based on the virtual rectifier stage. For example, in F-HB, if the output phase a current ia reaches the lower band (ia < ilower) and the maximum input voltage is vB at this moment, then SPa and SPB in Fig. 6 are turned on to increase the currents. Thus, the output phase a is connected to the input phase B. Therefore, the equivalent switch SBa in Fig. 1 is switched on. The same rule applies to other situations. As a result, the input currents are controlled automatically. An equivalent look-up table can be tabulated based on this. It is worth noting that different modulation techniques such as SVM for the virtual rectifier stage can be incorporated into the overall modulation scheme to control the input currents in an expected way. 
IV. HB CURRENT CONTROL FOR MC-IM DRIVE
A. Model Description
In this section, the FOC control is implemented for the MC based drive system using the HB current controller. The FOC converts the IM dynamics so they are similar to an equivalent DC motor where the torque and flux are decoupled. FOC relies upon the fact that the motor rotor flux and torque can be controlled through the d and q components of the stator current which are usually provided by the current controlled PWM inverter. Based on the IM model and a rotating reference frame [17] , the equations obtained for the FOC control are expressed as: where Lr is the rotor inductance, p is the number of pole pairs, Lm is the mutual inductance, | r|est is the estimated rotor flux, Tr = Lr/Rr is the rotor time constant, m is the rotor speed and sl is the slip frequency (angular velocity). The d component of stator current ids can be derived from the rotor flux reference using (7) . In order to carry out the coordinate transformation (abc dq), the rotor flux position e is required and it can be calculated from (10) and (11) . The torque reference Te * can be either specified by the operator or obtained using a speed regulator. Here a PI controller is used to generate the torque reference from the speed error. The obtained id * and iq * references are converted to the abc frame and then sent to the MC HB controller.
B. HB-FOC Controller Design
Based on the model derived above, the FOC controller combined with the HB controller can be designed as shown in Fig. 7 . The HB controller generates gating signals for the semiconductor devices, and sensors are used to measure the motor speed and currents. The speed controller adopted in this work is a PI controller whose parameters are given in Table I . 
V. SIMULATION RESULTS
The simulated system and controller parameters are tabulated in Table I Figs. 8(a-b) , it is convincing to say that both methods present excellent dynamic performance. The actual stator currents are practically confined within the prescribed bands. According to the FFT analysis shown in Figs. 10(a-b) , the S-HB method has lower harmonic distortion (low-order harmonics in particular) and causes higher average switching frequency as described in Figs. 9(a-b) . The THD of current is reduced from 3.95% to 2.87%. Although the average switching frequencies are increased, they are around 10 kHz which are reasonably acceptable for current semiconductor switches. Simulation results for F/S-HB-FOC based MC drives system are shown in Fig. 11 . Both methods perform similarly in terms of driving an IM. From the simulation results shown in Fig. 11 , the S-HB controller exhibits lower torque ripple and lower harmonic distortion. The motor deceleration and MC regenerative capability are tested under the speed step change from +100 rad/s to -50 rad/s at 0.5 s. An additional dynamic braking system is not required with this scheme since it is integrated into the MC drive.
VI. CONCLUSIONS
The hysteresis band controller based on FOC is popular in VSIs and motor drives based on VSIs; however, it has not been reported in the literature for a direct 3×3 matrix converter or matrix converter based drive system. This paper introduces the HB current controller to the MC and MC based AC drive system. This method is simple and the computation burden is appreciably light. Both fixed and sinusoidal band HB controllers are developed involving the inherent modulation of the input currents, and simulation results are evaluated comparatively. S-HB has better harmonic performance and higher average switching frequency. Depending on the requirements of the application, the specific method can be selected. The input current regulation of the MC is not an objective of this work, so it is not effectively regulated with line-commutation. In order to obtain good results for the input currents, other methods such as SVM can be employed in the overall modulation. It is important to state that this scheme cannot only be applied to the induction motor but other machines such as the permanent magnet synchronous machine. The proposed scheme is explicit and effective. A matrix converter based drive system has been developed to verify the results.
